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Human stroke results not only in brain infarction, but also in multi-organ systemic disease. Many patients who survive the initial cerebral ischemic insult will go on to die from strokeinduced immune system suppression and resulting fatal infection [1] [2] [3] . We and others have modeled the double-edged sword of immune cell action during experimental stroke in animals [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . The systemic consequences of CNS injury are best described as a serial and long-lasting process: first, there is an induction of lymphoid tissue (e.g., spleen and thymus) into a pro-inflammatory activation state; second, one observes apoptotic self-destruction of these same organs and selective loss of many immunocytes nurtured within [8, 10] . Splenic activation also leads to expulsion of immune cells into the blood that then target the brain. In most cases, these immunocytes exacerbate the evolving brain infarct.
From the perspective of the brain, inflammation after cerebral ischemia has been studied extensively. Inflammation is initiated through the innate immune system through Toll-like receptors on antigen-presenting cells (largely microglia) [17] . Both peripheral innate and adaptive immune cells are early responders to injured tissue signals, and blood-borne inflammatory cells begin to enter brain much earlier than previously understood. Early infiltration of macrophages, T and B lymphocytes, and dendritic cells into injured brain occurs after middle cerebral artery occlusion (MCAO), even before the peak of neutrophilic influx [18] . The cell specificity and mechanisms of these initiating players in damage remain poorly understood. Parenthetically, the role of neutrophils has been well studied in experimental cerebral ischemia, and agents directed toward blocking neutrophil-associated injury have failed in clinical stroke trials [19, 20] . The failure of these early trials has somewhat dampened interest in developing immunotherapy for acute stroke.
However, new evidence is again igniting interest in this modality. Specifically, whereas most inflammatory cells arising from the periphery contribute to CNS damage, regulatory lymphocytes of T or B cell lineages suppress inflammation and may limit damage conferred by other infiltrating pro-inflammatory immunocytes. Under such circumstances, T or B regulatory cells (Treg and Breg) might be viewed as a source of natural CNS protection. If so, then stroke research must renew the challenge to understand the mechanisms by which these immunological cells act on injured brain, as a first step in designing novel immunotherapy.
Regulatory T Lymphocytes
In our early studies of the effects of MCAO on the peripheral immune system [8, 10, 11, 21] , we observed biphasic consequences, which we have conceptualized as "brain-spleen cell cycling." The initial phase (6-22 h post-MCAO) occurs in part by brain to spleen signaling via central adrenergic neural and catecholaminergic mechanisms [22, 23] . The result is massive, intra-splenic production of inflammatory factors, followed by progressive death of splenic immune cells in situ by apoptotic mechanisms. Remaining cells in the spleen translocate to the blood and then into the brain (spleen to brain signal). By 96 h post-MCAO, there is widespread systemic immunosuppression, developed in tandem with the maturing brain infarct.
Curiously, despite the drastic loss of immune cells in the spleen, there was a pronounced increase in Treg cells within days of the ischemic insult. In normal mice, the Treg cells limit inflammation and inhibit autoimmune diseases [21, [24] [25] [26] . Based on our observed increases in surviving CD3
+ Treg cells [10] , it seemed that these cells were relatively resistant to apoptosis or other mechanisms that act to reduce viable immune splenocyte numbers. We and others [27] questioned whether these surviving Treg cells might not only impact peripheral splenic pathology but could limit the early inflammatory infarct in brain. Liesz and colleagues [27] evaluated the functional role of CD25 + cells, including Tregs, in experimental stroke, and found that depletion of the CD25 + population with anti-CD25 mAb significantly increased brain infarct volume and worsened functional outcome. These effects were attributed to CD4 + CD25 + FoxP3 + Treg cells, even though the anti-CD25 mAb only depleted ∼50 % of this Treg phenotype. CD25, the IL-2 receptor chain-α, has a broad expression on early progenitors of the T and B cell lineages, as well as on activated mature T cells and B cells, thus allowing for the possible contribution of other regulatory cell types besides FoxP3 + Treg. To target Treg more specifically, we employed the FoxP3 DTR mouse, in which the coding sequence of diphtheria toxin receptor (DTR) has been inserted into the FoxP3 allele and is co-expressed on FoxP3+ cells [28] . We thus accomplished near complete deletion of FoxP3 expression in the peripheral blood, lymph nodes, and spleens (≤0.3 %) by treating the mice with two daily i.p. injections of 50 μg diphtheria toxin (DT) per kilogram body weight (Fig. 1a) prior to induction of MCAO for 60 min on day 3, followed by a final DT treatment on day 4 that maintained the deletion of FoxP3 + Treg as assessed on day 7 (Fig. 1b) . In comparison, normal levels of FoxP3 + Treg cells were observed in vehicletreated FoxP3 DTR mice undergoing MCAO (Fig. 1) . Depletion of FoxP3 + Treg did not affect infarct volume in cortex or striatum in mice or either sex assessed at 96 h after MCAO (timeline in Fig. 2a ) compared to vehicle-treated mice ( Fig. 2b-d) . Moreover, there were no significant effects of Treg depletion on behavioral evaluations (data not shown). Thus, we conclude that Treg did not limit brain damage or improve functional outcomes in mice undergoing MCAO.
Our failure to implicate CD4 + FoxP3 + T cells in limiting brain lesion volume after MCAO is of general importance to the field because of the increased interest in increasing CD4 +
FoxP3
+ Treg as a possible therapeutic approach in stroke. Our results do not support this rationale, but do highlight the need to identify other regulatory pathways that can limit strokeinduced inflammatory damage to the CNS. Accordingly, we focused on an alternative and newly identified B lymphocyte subset that has a crucial regulatory role in neuroimmunology.
Regulatory B Lymphocytes
Based on recent data from studies of CNS autoimmune disease, we first raised the hypothesis that a small but powerful subset of IL-10-producing CD1d hi CD5
+ regulatory B lymphocytes (B10 cells) could limit infarction after cerebral ischemia and potentially improve outcomes. Recent studies in models of experimental autoimmune encephalomyelitis, arthritis, and colitis identified at least two phenotypically distinct subsets of Breg -transitional 2 marginal-zone precursor (T2-MZP) cells and B10 cells-that can exert immunosuppressive functions in vivo as well as in vitro. Breg cells characteristically produce interleukin IL-10 and express CD19. Bregs act mainly, but not exclusively, via the release of IL-10, a well-recognized antiinflammatory cytokine that is effective against most forms of CNS damage. For example, IL-10-deficient mice develop larger infarcts after focal cerebral ischemia [29] ; moreover, the administration of IL-10 to the lateral ventricle [30] or intraperitoneally [31] , by adenoviral vectors [32] , after induction of mucosal tolerance by IL-10-producing T cells [33] or by transgenic overexpression of IL-10 [34] reduces infarct volume. Clinically, early worsening of stroke is associated with lower IL-10 plasma levels in patients [35] . However, it should also be noted that the requirement for other potential soluble factors and co-inhibitory molecules than IL-10 is an active area of investigation. Figure 3 summarizes a simple set of fundamental mechanisms by which IL-10-expressing B10, MZ, T2-MZP, and B-1a Breg cell subsets might act to inhibit the activation of T cells, macrophages, and dendritic cells.
By examining data from models of multiple sclerosis, we noted that depletion of B cells increases disease severity, as studied in B cell-deficient mice or after cell depletion with anti-CD22 monoclonal antibodies. Further, transfer of CD1d hi CD5 + cell subsets provides protection against disease induction. Consistent with these data, we have recently demonstrated that B cell-deficient mice exhibit an increased infarct size after MCAO, implicating protective regulatory effects by B cells on limiting infarct size and behavioral deficits (Fig. 4) . These protective effects were not reconstituted after transfer of B cells from IL-10 knockout donor mice, indicating that the ability of Breg cells to limit post-MCAO damage was linked to their marked secretion of IL-10 ( Fig. 5) . Breg cell activity is also thought to be closely tied to the "programmed cell death 1" receptor (PD-1)/"programmed cell death" ligand (PD-L) co-inhibitory pathway. PD-1, also referred to as CD279, is an Ig superfamily member containing an immunoreceptor tyrosine-based inhibitory motif [36] that is inducibly expressed by activated T cells, B cells, NK cells, and monocytes [37, 38] . Binding of PD-1 to either of two ligands, PD-L1 (B7-H1 or CD274) or PD-L2 (B7-DC or CD273) that have overlapping expression patterns, induces inhibitory signals that control induction and maintenance of peripheral T cell tolerance and immune homeostasis [22, 23, 39] . Much work has focused on the autoimmune phenotype of PD-1-deficient mice [40] and linkage of PD-1 genes with autoimmune disorders [41] . Moreover, other inhibitory pathways involving PD-1/PD-L have also been described, including our studies on estrogen-mediated suppression via Treg cell activation [42] [43] [44] and inhibition of encephalitogenic T cell responses by PD-Lexpressing myeloid APC [45] . "Reverse signaling" through the PD-L has also been described that induces a suppressive dendritic cell (DC) phenotype [46] . Finally, PD-L1 has been shown to protect against CD8 + T cell lysis of virally infected target cells [47] and PD-1-dependent immune-mediated damage of CNS oligodendroglial cells [48] . Specific to our interest in Breg cells and stroke, both PD-1 and PD-L1 are expressed on B cells, and agents that enhance the CD1d hi CD5 + B cell numbers also increase the expression of PD-L1 on B cells. Because of the strong possibility that this pathway would be involved in limiting brain inflammatory damage, we induced MCAO in PD-1-deficient mice. In our mouse MCAO model, infarction in both cortex and striatum was increased in the PD-1-deficient mice, implicating the PD-1/ PD-L co-inhibitory pathway for the first time in cerebral ischemia. Moreover, we observed an increased expression of PD-1 on brain microglial cells and of PD-L on B cells from spleen and blood in mice after MCAO, thus providing an insight into interactive cell combinations that likely contribute to limiting infarct size [14] . These novel results suggest a previously undescribed regulatory circuit in which MCAO stimulates circulating PD-L + B cells to cross into the brain, potentially regulating brain inflammation directly through secretion of IL-10 and via suppressive interaction with microglia (Fig. 6) . The convergence of data from multiple sclerosis and stroke models suggests that Breg cells and the PD-1/PD-L co-inhibitory pathway are important in limiting CNS damage. While further evaluation is needed, one hypothesis is that Breg cells, including the B10 CD1d hi CD5 + B cell subset, are immunocytes that provide endogenous neuroprotection in many types of CNS pathology. In experimental stroke, Bregs may limit infarct size by controlling immunemediated inflammation ordinarily triggered both in the CNS and in peripheral immune organs by focal stroke. We further postulate that B10 cells are spared in post-MCAO apoptotic spleen destruction, allowing them to naturally, but partially, limit infarct progression. Of key importance, we predict that either selective induction or passive transfer of B10 cells, so as to augment B10 cell occupation in the injured brain, may provide additional regulatory effects, resulting in smaller infarct and improved functional stroke outcome.
In summary, these studies challenge the prevailing concept that immune cells monolithically damage the postischemic brain and propose an alternative. Regulatory lymphocytes, specifically the regulatory B cell, protect the injured brain and might be harnessed as the first cell-specific immunotherapy for the treatment of acute stroke. This change in direction is crucial to obtaining a broader perspective for immune regulation and selection of immunotherapy for stroke.
